Circadian clock genes are regulated by glucocorticoids; however, whether this regulation is a direct or secondary effect and the physiological consequences of this regulation were unknown. Here, we identified glucocorticoid response elements (GREs) at multiple clock genes and showed that 3 were directly regulated by the glucocorticoid receptor. We determined that a GRE within the core clock gene Per2 was continuously occupied during rhythmic expression and essential for glucocorticoid regulation of that gene in vivo. We further demonstrated that mice with a genomic deletion spanning this GRE expressed elevated leptin levels and were protected from glucose intolerance and insulin resistance on glucocorticoid treatment but not from muscle wasting. We conclude that Per2 is an integral component of a particular glucocorticoid regulatory pathway and that glucocorticoid regulation of the peripheral clock is selectively required for some actions of glucocorticoids.
Circadian clock genes are regulated by glucocorticoids; however, whether this regulation is a direct or secondary effect and the physiological consequences of this regulation were unknown. Here, we identified glucocorticoid response elements (GREs) at multiple clock genes and showed that 3 were directly regulated by the glucocorticoid receptor. We determined that a GRE within the core clock gene Per2 was continuously occupied during rhythmic expression and essential for glucocorticoid regulation of that gene in vivo. We further demonstrated that mice with a genomic deletion spanning this GRE expressed elevated leptin levels and were protected from glucose intolerance and insulin resistance on glucocorticoid treatment but not from muscle wasting. We conclude that Per2 is an integral component of a particular glucocorticoid regulatory pathway and that glucocorticoid regulation of the peripheral clock is selectively required for some actions of glucocorticoids.
circadian rhythm ͉ diabetes ͉ nuclear receptors ͉ metabolic syndrome S teroid hormones confer diverse physiological actions by binding to nuclear hormone receptors and interacting with response elements in the genome to regulate target gene expression [reviewed by Mangelsdorf et al. (1) ]. Glucocorticoids are a class of steroid hormones that function in virtually all vertebrate cells and tissues, affecting physiological homeostasis in a highly cell-and gene-specific manner. Dysregulation of glucocorticoid signaling has been implicated in the pathogenesis of diseases, such as metabolic syndrome and diabetes (2, 3) . Therefore, elucidating the molecular basis of glucocorticoid action holds promise for understanding how tissue-specific regulation is achieved and may identify precise pathways important in disease.
In mammals, glucocorticoids are secreted from the adrenal gland in circadian cycles, producing temporally regulated peaks and troughs in systemic hormone levels (4) . Although the function of this oscillation in secretion is not well understood, it is thought to be important for energy balance, because diet and feeding time have an impact on secretion rhythm (5) (6) (7) . Diet composition (8) and timing of feeds have also been shown to modulate the circadian pacemaker (9, 10) , and a connection between the pacemaker and the oscillations in glucocorticoid secretion has been observed (8, 11, 12) . In turn, glucocorticoids can themselves induce cycling of circadian clock components in peripheral tissues, suggesting that there are situations in which glucocorticoids may dictate cycling rhythmicity (13) .
This intimate connection with and feedback to the circadian clock raised the possibility that regulation of the clock by glucocorticoids might be direct and that glucocorticoid control of clock genes may be embedded mechanistically within certain glucocorticoid-regulated gene circuits, such as those involved in energy balance and metabolism. We therefore set out to characterize GR regulation of peripheral circadian clock genes, to investigate the systemic relevance of this regulation in vivo, and to assess the connection of this pathway to certain metabolic effects of glucocorticoids.
Results

Glucocorticoids Stimulate Oscillation of Specific Clock Genes in Mes-
enchymal Stem Cells. For these studies, we exploited the fact that primary mesenchymal stem cells [also called marrow stromal cells (MSCs)] are readily purified, proliferate in culture, and are responsive to glucocorticoids (14) . To test if the circadian clock is responsive to glucocorticoids in this tissue, as shown in other peripheral cells, (13) and to define the components that are regulated by glucocorticoids in MSCs, we treated primary mouse cells with the synthetic glucocorticoid dexamethasone (dex) and monitored the transcript levels of circadian clock genes over a 48-h time course.
We found that dex stimulated transcriptional oscillation for 10 of the known core clock components (Per1, Per2, Per3, Cry1, Cry2, Rev-Erb␣, Rev-Erb␤, Dbp, Npas2, and Bmal1) in MSCs ( Fig. 1 A and Fig. S1 A] . The clock is an intricate network of positive and negative feedback loops [reviewed by Ko and Takahashi (15) ]. As predicted by this network, dex stimulated distinct transcriptional oscillatory phases consistent with the network positions and functions of the different genes (Fig. S2 ). For example, the heterodimeric positive regulators (Npas2 and Bmal1) resided together in one phase, and the negative regulators (Cry1 and Cry2) were grouped in another.
Interestingly, the regulatory patterns conferred by dex were specific to the different clock components; some clock genes (E4bp4, Dec1, Dec2, and Timeless) were responsive to dex but displayed no oscillation, whereas others were unresponsive to dex (Cnsk1d, Cnsk1e, and Clock) ( Fig. 1 B and C and Fig. S1 B and C) . Other peripheral tissues appear to display different sets of oscillating and nonoscillating components [reviewed by Ko and Takahashi (15) ], perhaps indicating that there are tissue-specific variations in the clock mechanism that may produce specialized functions. The particular oscillating and nonoscillating clock genes in our study may reflect, in part, the nature of the clock in MSCs. Alternatively, components that are nonresponsive at the level of transcript accumulation may achieve rhythmicity by other mechanisms, such as posttranslational modification [reviewed by Reppert and Weaver (16) ].
ing GR-occupied GREs and, instead, responding to the actions of the primary target gene products.
We found significant changes in transcript levels in Per1, Per2, E4bp4, and Timeless within 4 h of dex exposure, whereas expression from other clock genes was not altered detectably at this time point (Fig. 2A) . We then tested whether the early responding genes that we identified are directly regulated by GR, using a recently developed and validated approach (18): we scanned in silico for glucocorticoid receptor binding sequences (GBSs), which collectively comprise a 15-bp sequence motif within 64-kb segments of genomic DNA centered on the transcription start site (TSS) of each candidate target gene. The mouse genomic segments bearing GBSs were then aligned with the corresponding segment of other mammalian genomes (rat, human, chimpanzee, and dog), and the highly conserved GBSs were tested for GR occupancy using ChIP (18) .
We identified 8 GBS motifs in the mouse Per2 gene (Fig. S3 ), of which 1 was highly conserved (Per2 GBS6) and overlapping with another less conserved motif (Per2 GBS7) (Fig. 2E) . As predicted by our prior studies of GBS motifs (18), we detected GR occupancy in the region containing the conserved GBS (Per2 GBS6,7; Fig.  2B ). This region resides in an intron 22.8 kb downstream from the TSS. Several nonconserved sites were examined and were not occupied by GR (Fig. 2B) . Similarly, we identified 7 GBS motifs in the E4bp4 gene (Fig. S3 ) and confirmed GR occupancy at a conserved GBS located Ϸ5 kb upstream from the TSS (Fig. 2 C and E) .
At the Per1 locus, we identified 5 previously undescribed and 2 known (19) GBS motifs ( Fig. S3 ) and observed GR binding at 2 conserved GBSs located ϩ0.5 kb and Ϫ1.9 kb from the TSS found in RefSeq (Fig. 2 D and E) ; Per1 expression is also initiated at an alternative TSS (20) , and both are responsive to dex in mouse MSCs. The 2 GR-occupied GBSs might direct TSS-specific expression of Per1 or collaborate to drive transcription at both TSSs.
In view of the strong sequence conservation of the GR-occupied GBSs at the mouse Per2, E4bp4, and Per1 genes (Fig. 2E) , we tested the corresponding sites for GR occupancy in primary human MSCs and found them indeed to be occupied (Fig. 2F) . We also confirmed that glucocorticoids stimulated synchronized cycling of clock genes in the human primary MSCs (Fig. S3) . Collectively, our data suggest that GR directly activates Per2, E4bp4, and Per1 gene expression to stimulate circadian rhythmicity in mammalian MSCs. Our studies imply that these direct GR target genes serve as ''entry points'' to overall regulation of the clock by glucocorticoids, where synchronized oscillations may be initiated by hormonal regulation of specific core clock components.
Endogenous Per2 GBS Is Functional. Primary response elements for GR and androgen receptor, inferred from sites of receptor occupancy within or close to target genes, typically appear to be rather remote from the regulated TSS, with Ϸ70% of the receptor binding sites positioned Ͼ10 kb upstream or downstream from the TSS (18, 21, 22) ; others have obtained similar results with estrogen receptors (23) . Indeed, ''assignments'' of response elements to particular target genes have been made solely by this relatively loose geographical correlation.
To assess whether the GR-occupied GBS located 22.8 kb downstream from the TSS of Per2 (Per2 GBS.6,7; Fig. 2B ) indeed confers hormonal control over Per2 expression, we compared cells from Per2 WT and Per2 Brdm1 mutant mice; the mutant mouse carries a 2.1-kb deletion that fortuitously includes GBS.6,7 (24) (Fig. 3A) . Strikingly, although dex induced a robust circadian oscillation of Per2 transcription in WT cells, it failed to stimulate any response in the mutant cells over a 48-h time course (representative 4-h time point in Fig. 3B ). Importantly, GR-mediated regulation of other primary target genes (18, 21) (Sgk and Mt1, Fig.  3B ) was normal in the Per2 GBS.6,7-deleted cells. We conclude that the Ϸ2-kb genomic deletion in Per2 Brdm1 mice that spans GBS.6,7 contains a Per2-specific GRE in vivo. To our knowledge, this is the only direct confirmation and gene-specific assignment of a mammalian chromosomal hormone response element reported to date.
We then tested the effect of this deletion in Per2 on the glucocorticoid-induced cycling of other clock genes. We found that the Per2 Brdm1 lesion significantly dampened the synchronized cycling of other clock genes (Fig. 3C) . Thus, analogous to the blunted transcriptional cycling of clock genes in the central pacemaker of Per2 mutant mice (25, 26) , Per2 activity appears to influence the general function of the peripheral clock. Collectively, our data demonstrate that GR directly induces Per2 circadian rhythm and that this is an entry point to glucocorticoid regulation of the peripheral clock. It seemed possible that pursuing the mechanism and downstream consequences of Per2 regulation by glucocorticoids further might reveal a physiological rationale for this mode of control over the circadian clock.
To validate that the conserved Per2 GBS6 is the functional GRE, we subcloned an endogenous 500-bp DNA fragment containing the response element fused to a luciferase reporter and assayed for dex responsiveness. Indeed, addition of dex to cells containing the reporter construct resulted in a 3-fold increase in luciferase activity (Fig. 3D) . We then performed site-directed mutagenesis on the conserved GBS6 sequence. This mutation completely ablated the dex-induced activity in the reporter assay, indicating that this GBS sequence is essential for the dex response of the reporter (Fig. 3D) . Table S1 for primer sequences.
GR Is Required to Maintain Synchronized Phase of Circadian Rhythm.
To probe mechanistic aspects of glucocorticoid regulation of rhythmicity, we tested whether GR activity was required to initiate and maintain transcriptional oscillations provoked by glucocorticoids. We found that coadministration of dex with a 10-fold molar excess of the competitive antagonist RU486 abrogated dex-stimulated circadian rhythmicity, consistent with GR's role in initiating this process (Fig. 4A) . We then tested the role of GR in maintenance of the synchronized oscillations. We treated dex-stimulated cells with excess RU486 before (t ϭ 22 h, Fig. 4B) or after (t ϭ 24 h, Fig. S4 ) completion of the initial circadian cycle to examine whether GR activity was required to maintain oscillation after the rhythm was synchronized. At both times, addition of RU486 produced immediate amplitude dampening and cycle phase shifting, reminiscent of the results of zeitgeber removal, such as the shift from light entrainment to constant darkness (27) . These results indicate that continuous GR activity is essential both to establish and to maintain the glucocorticoid-induced peripheral cell circadian oscillation and phase.
We next examined whether the rhythmic expression of Per2 reflects rhythmic GR occupancy of the Per2 GRE. Interestingly, ChIP followed by quantitative PCR of GR occupancy at 8-h intervals for 48 h revealed that GR maintained similar levels of binding at every time point (Fig. 4C) . Thus, we conclude that continuous GR occupancy of the Per2 GRE stimulates circadian rhythm and that rhythmicity, per se, is imparted downstream of receptor binding.
Per2 in Glucocorticoid-Altered Glucose Homeostasis. Pharmacological doses of glucocorticoids are highly efficacious in treating a multitude of inflammatory and autoimmune disorders (28, 29) . Unfortunately, long-term treatment can provoke severe morbidity, including muscle wasting, metabolic syndrome, and diabetes (30) . Understanding precisely how these complications arise could facilitate development of more specific therapies and provide insight into the pathogenesis of metabolic diseases in general (31, 32) . Our identification of Per2 as a direct target for glucocorticoids created the potential to determine whether control of circadian rhythm is an essential component of any or all glucocorticoid effects and, in particular, to assess the role of this pathway in the development of disease. Therefore, we treated WT and Per2 Brdm1 mice with glucocorticoids and monitored the animals for systemic effects. The dex injections were administered every other day for 2 months (see Materials and Methods for details), because dex has a biological half-life of 36-54 h and this regimen produces systemic effects in WT mice (33); we then monitored glucose tolerance, insulin sensitivity, and muscle wasting.
As expected, we found that the WT mice injected with dex developed glucose intolerance, a sign of diabetes. In striking contrast, Per2 Brdm1 mice treated with dex were protected from the glucose intolerance caused by dex because they maintained ho- (Fig. S3) . The samples were normalized to amplification of a genomic region near the Hsp70 gene (mean ϩ SEM). (E) GR-occupied GBSs at Per1, Per2, and E4bp4 are conserved in sequence across species. Aligned rat, human, and canine sequences of GBSs were obtained from the UCSC Genome Browser (20) . Conserved bases are highlighted in red. (F) GR occupancy of GBSs at Per1, Per2, and E4bp4 is conserved in human primary MSCs. ChIP experiments with primary human MSCs [treated with 1 M dex for 1.5 h] were performed and analyzed as indicated previously (mean ϩ SEM). meostasis in response to receiving a bolus of glucose (Fig. 5A) . We also found that Per2 Brdm1 mice treated with dex were more sensitive to insulin compared with dex-treated WT animals, as measured by blood glucose levels after an injection of insulin; Per2 Brdm1 mice had a more substantial decrease in blood sugar in response to the insulin than did their WT counterparts (Fig. 5B) .
Importantly, the Per2 Brdm1 mice were not protected from all systemic effects of glucocorticoids. In particular, Per2 Brdm1 mice injected with dex developed muscle wasting similar to the WT animals, as assessed by dual-energy x-ray absorptiometry (DEXA) scanning (Fig. 5C ). Decreased muscle mass is often implicated in poor glucose tolerance (34) . However, we found that Per2 Brdm1 mice maintained glucose tolerance despite the muscle wasting, demonstrating that the 2 can be uncoupled by inhibition of circadian cycling. More specifically, we conclude that control of Per2 expression by glucocorticoids is an important component of the pathway by which glucocorticoids regulate glucose homeostasis but is not essential for glucocorticoid-mediated muscle wasting.
To begin to explore the mechanism by which dex-treated Per2 Brdm1 mice achieve improved glucose homeostasis, we examined the expression of 14 genes that affect glucose utilization and insulin sensitivity (Fig. 6) . Of this set, we found that only leptin expression was significantly altered in the Per2 Brdm1 animals. Leptin was previously reported to be elevated in Per1;Per 2 double-mutant Simultaneous treatment with RU486 antagonized dexstimulated transcriptional oscillation. Cells were treated with 100 nM dex alone (red) or 100 nM dex and 1 M RU486 simultaneously (gray) at time ϭ 0 h (arrows). The samples were quantified as described previously (average and range of 2 independent experiments). (B) Addition of RU486 after dex treatment disrupts glucocorticoidstimulated circadian rhythm. One micromolar RU486 (black) or vehicle (DMSO) (red) was added to the culture medium after 22 h of treatment with 100 nM dex (arrows). Transcript levels from 3 independent experiments were measured by quantitative PCR (mean Ϯ SEM). (C) GR remains bound at GR-occupied Per2 GBS.6,7 during cycling of expression. ChIP experiments were performed in a time course after treatment with 1 M dex. The data were processed as described previously and normalized to ChIP samples treated with vehicle (DMSO) for 8 h (mean Ϯ SEM).
mice, but a connection to glucose homeostasis was not explored in that study (35) . However, other studies have demonstrated that elevated leptin levels improve insulin sensitivity and glucose tolerance (36, 37) and that leptin resistance causes obesity and diabetes (38, 39) . Intriguingly, leptin displays a circadian cycling pattern (35, 40, 41) that is antiphasic to the cycling of cortisol levels (the primary glucocorticoid in humans) (42) . Taken together, our results imply that glucocorticoids regulate glucose homeostasis, in part, through direct control of the circadian clock, which, in turn, modulates leptin levels.
Discussion
Although it was previously established that glucocorticoids trigger or synchronize oscillations of circadian clock genes in peripheral tissues, neither the mechanism nor its broader physiological implications were defined. We found that several of the core circadian clock genes are primary GR target genes (i.e., regulated by glucocorticoids and linked to GR-occupied GREs) in primary mesenchymal stem cells. Indeed, using a deletion in the Per2 gene that covered its putative GRE, we were able to ascribe regulation of the core clock component Per2 to a particular genomic hormone response element. Because higher metazoan response elements typically appear to reside Ͼ10 kb from their target gene promoters (21) [and may even reside on different chromosomes (43) ], it will be essential to develop robust methods to assign response elements to their in vivo targets.
The discovery that the peripheral circadian clock can be controlled directly by GR raised interesting questions about whether this regulatory circuit is isolated or, instead, might interact with, or perhaps even be embedded within, other physiological circuits that are regulated by glucocorticoids. Consistent with the latter view are classical studies showing that glucocorticoids play a central role in energy balance, coupled with more recent findings that appear to insinuate circadian rhythms in this same process (44) (45) (46) (47) (48) . Our results revealed that glucocorticoid regulation of circadian rhythm is integral to glucocorticoid regulation of at least 1 component of energy balance, glucose homeostasis. The identification of this pathway also provides insight into the pathogenesis of certain adverse effects characteristic of glucocorticoid excess (Cushing's syndrome) and has implications for metabolic disease in general, including previously unrecognized potential therapeutical targets.
Interestingly, not all glucocorticoid-controlled circuits depend on glucocorticoid regulation of Per2 and its consequent effects on circadian rhythm. For example, the capacity for glucocorticoids to alter lean mass proceeded normally in Per2
Brdm1 mice, whereas leptin expression is misregulated in the mutant animals, contributing to the maintenance of glucose tolerance and insulin sensitivity despite the glucocorticoid challenge. Although the uncoupling of glucose homeostasis from muscle wasting is itself informative, the more broadly significant point is that glucocorticoid-regulated genes appear to divide into 2 general classes: those that require hormonal control of circadian rhythm and those that do not. It will be interesting in future studies to populate the 2 classes of genes more fully in hopes of inferring the function and rationale for this cross-talk circuit.
In the meantime, it is tempting to speculate that embedding circadian clock control within the regulation of glucose homeostasis by glucocorticoids might confer selective advantage by ensuring a coupling of activity and feeding. Thus, because cycling of glucocorticoid secretion is modified by feeding times, glucocorticoid levels are highest during fasting when blood sugar is lowest (6) . During these times, energy is diverted from the periphery to the brain, and glucocorticoids assist by antagonizing insulin action and stimulating gluconeogenesis. In turn, this is best accomplished if fasting is concurrent with decreased physical activity so that energy needs are minimized in the periphery. In this model, glucocorticoids act as a synchronization signal to coordinate the circadian rhythm with energy balance. In contrast, significant breakdown of muscle protein is invoked only after prolonged fasting and other major physiological stressors that substantially alter the relatively modest circadian fluctuations in energy needs and glucocorticoid levels (49, 50) . Therefore, linkage of muscle wasting to circadian cycling might be disadvantageous. 6 . Per2 Brdm1 mice have elevated leptin levels. A panel of candidate genes was screened for differential expression levels in adipose tissue with quantitative PCR. Adipose leptin expression was 2.7-fold higher in Per2 Brdm1 mice compared with WT mice. Five mice from each genotype were used, and the experiment was repeated 3 times (mean Ϯ SD). The same genes (except for the adipokines) were also screened in muscle, with similar results.
Fig. 5.
Per2 is required and specific for alterations in glucose homeostasis induced by glucocorticoids in vivo. (A) Blood glucose levels were monitored in mice following an injection with 2 mg/kg glucose. Glucocorticoid-induced glucose intolerance depends on Per2. Per2 Brdm1 mice (n ϭ 10) are protected from glucocorticoid-induced glucose intolerance (red) compared with WT mice (n ϭ 6) (blue) (mean Ϯ SEM; P ϭ 0.0574 at 15 min, P ϭ 0.002 at 30 min). Per2 Brdm1 (n ϭ 7) and WT mice (n ϭ 8) injected with PBS (gray and black) had similar glucose tolerance. (B) The decline in blood glucose from basal levels of mice was monitored following injections with 0.75 units/kg insulin. Per2 Brdm1 mice (red) were more sensitive to insulin than WT mice (blue) (mean Ϯ SEM; P ϭ 0.0104 at 15 min, P ϭ 0.0048 at 30 min, P ϭ 0.021 at 60 min). (C) DEXA scans of mice injected with glucocorticoids were compared with those of PBS-injected animals. Per2 Brdm1 mice treated with glucocorticoids had a similar decrease in lean mass (P ϭ 0.0014) as WT animals. Probability values were calculated using unpaired Student's t tests.
Methods
Mice. The Per2 mutant and WT control mice (both in C57BL/6 background) were purchased from Jackson Laboratories. For the in vivo studies, PBS or dex (Sigma) was injected into the peritoneal cavity of either WT or Per2 Brdm1 mice every other day. Physiological experiments (i.e., glucose tolerance testing and insulin tolerance testing) were done on the day following an injection as described below. All experiments were approved by the University of California, San Francisco Institutional Animal Care and Use Committee.
Cell Culture. Mouse MSCs were harvested from the femurs and tibias of mice between 2 and 3 months of age. The ends of the bone were cut off, and the bone marrow was ejected by inserting a 23-gauge needle into the bone marrow cavity and flushing out the marrow with Ϸ2 mL of Iscove's medium with 2% vol/vol FBS per bone. Flushed bone marrow was placed in culture flasks with mesenchymal stem cell enrichment media (Stem Cell Technologies). The media were changed daily for 3 days to remove the hematopoietic/nonadherent cells and then every other day thereafter. When large circular colonies of MSCs grew in flasks, the cells were trypsinized and passaged to enrich for MSCs.
Circadian Rhythm Experiments. MSCs were seeded in 12-well plates (Falcon). After cells grew to confluence, the media were replaced with mesenchymal stem cell enrichment media (Stem Cell Technologies) containing either vehicle (DMSO) or 1 M dex dissolved in DMSO. Cells were harvested at time points, and total RNA was isolated using the RNeasy mini kit (Qiagen). An equal amount of RNA was reverse transcribed (Ϸ500 ng of RNA for a 20-L reverse transcription reaction) using random priming, and the relative transcript level was measured by quantitative PCR using a 7300 Real Time PCR system (Applied Biosystems) with SYBR green detection of amplicons. Fold change in transcript level was calculated by ⌬⌬Ct normalized to vehicle-treated samples. Amplification of RPL19 was used as a loading control.
ChIP. Cells were exposed to formaldehyde for 10 min to cross-link DNA and protein. The reaction was stopped with glycine. The cells were then collected by scraping into a conical tube, and chromatin was sheared by sonication. GBSs were immunoprecipitated with 8 g of N499 anti-GR antibody with Protein A/G beads (Santa Cruz Biotechnology) per 15-cm plate. Samples were extracted with phenol-chloroform and purified with Qiaquick columns (Qiagen). GR occupancy was confirmed by quantitative PCR comparing dex-treated samples with vehicletreated samples using ⌬⌬Ct.
DEXA Scanning. The lean masses of the mice were measured using DEXA (Lunar PIXImus2). The mice were fasted for 4 hours and anesthetized with isoflurane before scanning.
Glucose Tolerance Testing. Per2 Brdm1 and WT mice were fasted for 15 h (overnight) after a dex injection day. Fasting blood sugar was measured using a One Touch Ultra 2 glucometer (Johnson & Johnson) with blood from a nicked tail vain. Dextrose (2 mg/kg) was injected into the peritoneal cavity of each animal. Blood sugar was measured at the following times: 0, 15, 30, 60, and 120 min after dextrose injection.
Insulin Tolerance Testing. Per2 Brdm1 and WT mice were fasted for 6 h during the day (the day after an injection day). Fasting blood sugar was measured using a One Touch Ultra 2 glucometer (Johnson & Johnson) with blood from a nicked tail vein. Humalog (Lilly) insulin was injected into the peritoneal cavity of each animal at a rate of 0.75 units/kg. Blood sugar was measured at the following times: 0, 15, 30, and 60 min after insulin injection.
